Introduction
Measurement by using light is one of the most useful tools to investigate the properties of materials. This is because measurements by light can observe not only the transparency distribution, but also the wavelength spectrum, polarization, and time-resolved properties of high-speed phenomenon with non-vacuum circumstances, such as in air or liquid. Therefore, the measurement by light is also a desirable tool in analyses of nanometer-scale small objects or surface chemical properties with a nanometer-scale spatial resolution.
However, a conventional optical microscopy using far-field light cannot be superior to the spatial resolution, defined by the Abbe diffraction limit. This limit makes it impossible to concentrate the excitation light in a nanometer-scale region, and we cannot observe the optical properties, such as fluorescence, Raman scattering or something within the localized region precisely. For example, in the case of the observation of semiconductor quantum dots by using far-field light, it is difficult to observe the properties of a single quantum dot accurately when they are not isolated ( Fig. 1(a) ). Therefore, any discussion about the light energy concentration within a nanometer-scale region including the x-, y-, z-directions, and estimation of its efficiency are indispensable for accurate measurements of optical properties in a nanometer-scale region, and are also important for the development of surface chemical analysis with nanometer-scale spatial resolution.
The near-field scanning optical microscope (NSOM) 1-3 is a form of scanning probe microscope (SPM), and uses a probe that has an optical aperture that can illuminate and/or collect light to/from the sample surface in the distance within a fraction of the light wavelength ( Fig. 1(b) ). A two-dimensional NSOM image consists of pixels that contain optical information obtained at each pixel position, and the spatial resolution parallel to the sample surface is typically around 100 nm. Moreover, NSOM is able to measure various kinds of spectra, such as fluorescence with the above spatial resolution. [4] [5] [6] [7] The near-field light strongly interacts with the sample surface, or with nanometer-scale objects on the substrate's surface, such as molecules, DNA, protein, or something ( Fig. 1(c) ). From the view point of surface chemical analysis, this property of near-field light is advantageous to excite and to observe only the vicinity of a sample surface.
In aperture-type NSOM, a scannable optical aperture on the apex of a sharpened optical fiber or cantilever is used to emanate light, or to illuminate/collect light from it. The illumination power or collection efficiency of aperture NSOM is governed by the aperture transmissivity and tunneling efficiency of near-field light. Measurements of the transmissivity of the NSOM instrument have been estimated by several methods: measurement of the transmission efficiency as a function of the aperture diameter and probe apex shape, 8 measurement of the collection efficiency as a function of the aperture diameter in the illumination-collection mode, 9 measurement of the intensity ratio of near-field light component to the far-field light one.
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Although the term transmissivity has a clear meaning, it is essentially insufficient only for measuring the transmissivity of the optical aperture on the apex of a sharpened optical fiber in 2011 © The Japan Society for Analytical Chemistry † To whom correspondence should be addressed. Near-field scanning optical microscope (NSOM or SNOM) is a form of scanning probe microscope (SPM), which is used to observe the optical properties of a sample surface with a nanometer-scale spatial resolution. Since the near-field light strongly interacts with the sample surface, or with nanometer-scale objects on the substrate's surface, NSOM is advantageous to excite only the vicinity of a sample surface. From the view point of surface chemical analysis, a discussion about the light energy concentration within a nanometer-scale region, and an estimation of its efficiency are indispensable for accurate measurements of the optical properties in a nanometer-scale region. In this paper, we describe the concept, the cautions and the general guidelines of a method to measure the excitation efficiency of aperture-type NSOM instruments. That is to say, the most important point of standardization is not only the probe's transmissivity, but also the total efficiency of the light energy concentration to the nanometer-scale region in the vicinity of the surface. In this paper, we describe the concept, the cautions and the general guidelines of a method to measure the excitation efficiency of an aperture-type NSOM instrument.
Method

Factors that affect the excitation efficiency
To understand the concept and cautions in measurements of the excitation efficiency of the NSOM instrument, it would be helpful to point out experimental factors that may affect the efficiency. From the viewpoint of the physics of near-field light tunneling, the transmissivity in the NSOM instrument is mainly determined by the aperture size of the probe, the refractive indices of the probe and the sample, and the distance between the probe and the sample surface. Especially, the distance directly depends on the operation of the measurement though the aperture size and the refractive indices depend on the apparatus. Therefore, the distance should be regulated in standardization of the NSOM technique. In theory, although the smallest gap would produce the best transmissivity value, an optimum distance should be chosen for stable operation of NSOM.
From the viewpoint of measurements by a scanning probe microscope, the transmissivity should be mainly influenced by the three following factors: type of imaging mode, type of NSOM probe, such as chemical-etching-type, 11 melting-andpulling-type, 12 or focused-ion-beam (FIB) etching-type, 13 and the sample properties, such as the surface roughness or sample transparency or sample thickness. We show some examples of measurement methods, and explain the concept and cautions when we perform the measurement operation as follows.
In the case of a cantilevered optical fiber probe
Measuring the transmissivity of a transparent glass plate in the illumination-transmission mode has the advantage that one can use a high numerical aperture (NA) lens to collect light through the glass plate, and can obtain a large intensity of light. Moreover, in the illumination-transmission mode, one can easily align the focus of the condenser and objective lenses. For example, a schematic illustration of the experimental setup is provided in Fig. 2 . This figure indicates the method used to measure the transmissivity of the NSOM system, which uses a cantilevered optical fiber probe. First, the light intensity of laser light through a condenser lens is measured by a detector, indicated as (A). Next, the laser light is focused to the cantilevered optical fiber probe as incident light, and is emanated from the optical aperture existing on the apex of the sharpened probe. The probe is approached to a transparent glass plate with some feedback systems, and the light through the glass plate is collected by an objective lens, and detected by some detectors, such as APD or PMT. The objective lens is focused to the optical aperture of the probe. Next, the light intensities are measured with two conditions. One is the near-field region (B); the other is the far-field region (C). A schematic illustration showing the difference between two conditions is shown at the lower right in Fig. 2 . In the near-field region, the probe-sample separation should be lower than 100 nm. On the other hand, in the far-field region, the probe-sample separation should be larger than 1 μm. Because the light intensity measured in the condition of the near-field region involves a "near-field light component" and a "far-field light component", the intensity ratio of the near-field light component to the far-field light component in the condition of near-field region is estimated by
R = (I(B) -I(C))/I(C),
where R is the intensity ratio of the near-field light component to the far-field light component, I(B) the light intensity measured in the condition of the near-field region, and I(C) the light intensity measured in the condition of the far-field region. In addition to this, I(B) and I(C) are written as 
I(C) = (far-field light component). (3)
On the other hand, the transmissivity of the NSOM fiber probe, itself, is
where T is the transmissivity of the NSOM fiber probe, itself, and I(A) the light intensity of laser light through a condenser lens. Therefore, the total efficiency of the light energy concentration to the nanometer-scale region at the vicinity of sample surface is estimated by
E = R*T = (I(B) -I(C))/I(A).
From the above discussion, we should measure the light intensities under the three conditions of I(A), I(B) and I(C); we also calculate and compare the three parameters of R, T and E in order to estimate the excitation efficiency of the NSOM system. In the above, we have discussed the case of using a cantilevered optical fiber probe. However, it is essentially the same as in the case of using a straight-type optical fiber probe.
In the case of an apertured Si cantilever
To indicate another example, a schematic illustration of an experimental setup that uses an apertured Si cantilever is provided in Fig. 3 . In this case, the light intensity of laser light through a condenser lens is measured by the same optical system of the NSOM measurement. The light intensity of laser light, I(A), is measured by removing the cantilever from the focus.
Requirements of sample
In this method, any kind of glass plate can be used as the sample. However, there are some requirements on the sample in order to perform accurate intensity measurements. First is the roughness of the sample surface. This is because a topographic change of the sample surface has been known to contribute to the transmission efficiency of the near-field light. Especially, the surface roughness influences more significantly when we use a blunt-end probe that is fabricated by chemical-etching or FIB-etching methods. In the case of a blunt-end probe and a rough-surface sample, the point of probe apex used for shear-force interaction to keep the tip-sample separation constantly and the point of probe used to couple near-field light can be separate; for example, those are the rim of the probe and the aperture, respectively. Moreover, this phenomenon results in a non-uniformity of the transmission efficiency parallel to the sample surface, and does not give a good influence on the repeatability of measurements. This is a so-called topographic artifact. In order to avoid it, one should eliminate topographic changes of the sample as much as possible. Therefore, the roughness of the sample surface should be limited to at least one tenth of wavelength.
Next, it is the absorption of light by the substrate, itself. In this method, the component of the near-field light is detected by some photo detectors through the glass plate. To minimize the absorption of light within the substrate, the substrate should be sufficiently transparent, and the thickness of substrate should be sufficiently thin.
Discussion
Intensity ratio of near-field R and transmissivity of fiber probe T
The two parameters R and T show not only the total efficiency of light energy concentration, but also the special feature of each NSOM probe or apparatus. For example, though the transmissivity, T, of a chemical-etching-type probe is superior to that of a melting-and-pulling-type one, the intensity ratio, R, of a melting-and-pulling-type probe can be superior to a chemical-etching-type one. This is because the melting-andpulling-type probe can have a sharper apex than that of the chemical-etching-type one, and can have better optical coupling when the sample surface has a large roughness or topography. Therefore, we have to take account of both parameters.
However, in general, because T of the melting-and-pulling-type probe is smaller than that of the chemical-etching-type probe about 1000 times, the intensities of I(B) and I(C) of the melting-and-pulling-type probe one is smaller than that of the chemical-etching-type one absolutely. Then, the light from the NSOM probe becomes relatively weak, sometimes down to a few pW. Therefore, we have to take care of selecting the photodetector, and have to use highly sensitive photodetectors, such as PMTs or APDs, to improve the signal-to-noise (S/N) ratio.
Wavelength of incident laser light
Narita 7,14 has revealed that the intensity ratio, R, does not change in wavelength of incident light between He-Ne laser (632.8 nm, red) and Nd:YAG-SHG laser (532 nm, green). However, a conventional optical fiber has a cut-off wavelength at around 400 nm. In this wavelength region, the optical fiber causes some absorption and fluorescence, which become perturbations for a measurement. Supposing that the NSOM technique is applied to the observation of luminescence in a sample, a Nd:YAG-SHG laser should be optimum in standardization of the NSOM technique. On the other hand, when we use an apertured Si cantilever, it should not influence the NSOM measurements at any ranges in wavelength of the incident light.
Necessity of focus monitoring of incident laser light
Practically speaking, the transmissivity, T, is very dependent on the operator's skill and the experimental conditions. The most significant example is the focus alignment of incident laser light to the optical fiber; the focus alignment affects the value of I(A) strictly. To optimize the focus alignment, some focus monitoring system by using half-transparent mirror and digital camera will be useful.
Conclusions
We have shown the importance of estimating the efficiency of light energy concentration within a nanometer-scale region for standardization of the NSOM technique from the view point of surface chemical analysis. We have described the concept, the cautions and the general guidelines of a method used to measure the excitation efficiency of the aperture-type NSOM instrument.
